linear DNA and accumulation of R/M oligomers at DNA ends. Different DNA molecules could be held together by interaction of the arms of the end-bound R/M oligomers. These data suggest that the architecture of R/M bound to DNA ends allows association of DNA through multiple interactions of the flexible arms. This ability to hold different DNA molecules together in a relatively nonspecific and flexible manner can explain the importance of R/M in the variety of DNA metabolic pathways.
Results

Human Rad50 Forms an Intramolecular Coiled Coil
To study the structure of human R/M, it was purified from Sf21 cells coinfected with baculoviruses expressing histidine-tagged hRad50 and untagged hMre11. The identity of the proteins in the final fraction was confirmed by immunoblotting, and size fractionation confirmed that the purified hRad50 and hMre11 are present in a complex (data not shown). As shown for hMre11 alone, purified R/M bound to DNA and promoted annealing of complementary oligonucleotides (de Jager et al., 2001; data not shown). As expected, R/M also possessed an ATP-independent but manganese-dependent 3Ј to 5Ј exonuclease activity on blunt-ended double-stranded DNA substrates (Paull and Gellert, 1998; data not shown).
The amino acid sequence of hRad50 predicts that this protein would have a structure similar to bacterial SMC class molecules with N-and C-terminal globular domains connected by a 960 amino acid-long heptad repeat, likely to form a coiled-coil structure. We used SFM to determine the architecture of the purified human R/M complex. Human R/M indeed had a distinct architecture consisting of a large globular domain, from which two 40 to 50 nm arms protruded (Figure 1 ). The length of Figure 1F ) and some larger multimers, tures with the ends touching ( Figures 1D and 1E) . The usually consisting of 4 to 6 monomers (6% of all moleindividual arms appeared in straight, bent, and kinked cules; Figure 1G ). Multimers always contained an even conformations, which cannot simply be due to rotation number of arms, confirming that the two-armed version around the globular domain. Open and closed arms ap-( Figures 1B-1E) is the unit structure. Larger protein agpeared with a frequency of about 60% and 40%, respecgregates were only very rarely observed in the absence tively, which was not significantly influenced by the presof DNA. ence of Mg Figures  1B-1E) , which we refer to as a "monomer" complex. We
The different conformations of the protein complex, observed by SFM imaging in air ( Figures 1B-1E) , suggested never observed a globular domain with only one arm. shift assays, and we do not observe DNA tethering unOur SFM images of human R/M reveal an architecture less many R/M molecules are bound to each DNA molethat is different from those so far proposed for SMC cule. Because the hRad50 arms are very flexible, their proteins or the bacterial and archeael R/M structural interactions could be dynamic. Thus, we propose that homologs. This architecture has important implications two DNA molecules are kept in contact through the for the interaction of R/M with DNA and between DNA net positive effect of association and dissociation of molecules. The architecture of bacterial SMC proteins multiple hRad50 arms ( Figure 4D ). In addition, the flexiis shown in Figure 4A (Melby et al., 1998) dance, recent data imply that the DNA aggregation activThe maximal measured end-to-end distance was used as the contour length in persistence length calculation. ity of B. subtilis SMC is likely to require interaction be-
